ABSTRACT. Osteosarcoma is one of the most common primary bone tumors in children and young adults. In this study, we investigated the role of musculoaponeurotic fibrosarcoma oncogene homolog K (MAFK) in osteosarcoma cell proliferation in vitro and the possible pathways that contributed to MAFK-related osteosarcoma development. We first reported that MAFK was expressed at low levels in an osteosarcoma cell line. Furthermore, a significant correlation between MAFK and the Wnt signaling pathway was observed in osteosarcoma by using a gene microarray assay. We found that expression of MAFK could be induced by Wnt1 in a dose-dependent manner. Furthermore, Wnt1-induced MAFK expression caused a significant increase of cell viability, whereas a Wnt pathway inhibitor, IWR-1-endo, abolished Wnt1-induced effects on MAFK. Finally, cell cycle analysis showed that enhanced cell proliferation might be attributed to re-distribution of the cell cycle. Together, our results suggested that Wnt1-induced MAFK expression promoted cell proliferation in MG63 cells, and that the role of MAFK in osteosarcoma might be closely linked to the Wnt signaling pathway.
INTRODUCTION
Osteosarcoma is recognized as one of the most common primary bone tumors in children and young adults, exhibiting preferred localization in the metaphysic of the long bones in adolescents (Broadhead et al., 2011) . To date, standard therapies for osteosarcoma include surgical resection as well as neoadjuvant chemotherapy (Chou et al., 2008) . It has been reported that surgery alone could cure 11% of patients suffering from osteosarcoma, whereas the combination of surgery with chemotherapy significantly improved the survival rate up to 60-70% (Chou et al., 2008; Trent, 2008) . Unfortunately, chemotherapeutics inevitably cause adverse effects to patients and are considered toxic to varying degrees (Siegel and Pressey, 2008) . In addition, despite recent improvements in osteosarcoma treatments, morbidity and mortality rates of highly aggressive osteosarcoma remain high. Approximately 32-49% of patients who are diagnosed with high-grade osteosarcoma can statistically expect a life expectancy of less than 60 months (Bielack et al., 2008) . Thus, identification of novel therapies specific for osteosarcoma is a crucial step forward for the treatment and prevention of highly aggressive tumors (Chou and Gorlick, 2006; Siegel and Pressey, 2008) .
Recent discoveries of targeted molecular therapies have greatly advanced our understanding of human cancer treatments (Ghosh et al., 2014; Gorjanacz, 2014) . In addition, a better comprehension of oncogene families such as musculoaponeurotic fibrosarcoma (MAF) has aroused the interests of scientists for additional research into their roles in human disease.
The MAF oncogene family has expanded from the original discovery of the founding member v-Maf, which was identified during analysis of the avian transforming retrovirus initially isolated from chicken (Nishizawa et al., 1989) . MAFs are members of the basic leucine zipper (bZIP) family that possess both evolutionarily conserved basic and leucine zipper domains. In general, the basic domain primarily binds to DNA, whereas the leucine zipper domain mediates homo-or hetero-dimerization with specific bZIP transcription factors, including AP-1, CREB/ATF, CNC, C/EBP, and PAR proteins (Vinson et al., 2006) . This plethora of binding partners suggests the existence of complex networks of MAFs in gene regulation.
v-maf avian musculoaponeurotic fibrosarcoma oncogene homolog K (MAFK), a small protein of the MAF family, is localized predominantly in the nucleus with a molecular weight about approximately 18 kDa (Blank et al., 1997; Francastel et al., 2001; Brand et al., 2004) . MAFK is of considerable clinical importance, as it has been widely reported to be involved in multiple diseases, including diabetes, neuronal disorders, thrombocytopenia, and carcinogenesis (Kannan et al., 2012) . In particular, MAFK was thought to be able to maintain redox homeostasis due to its function in antioxidant response; overexpression of MAFK led to a dose-dependent repression of antioxidant response element (ARE) activity (Nguyen et al., 2000) . In fact, the role of MAFK was functionally linked to NF-E2-related factor 2 (Nrf2). Interactions of MAFK with Nrf2 have been previously described (Ney et al., 1993; Nguyen et al., 2000) , and additional studies have suggested that the Nrf2/MAFK complex was involved in transcriptional activation/repression mediated by the ARE (Itoh et al., 1997) . However, whereas Nrf2 was shown to activate ARE transcriptional activity in HepG2 cells, MAFK repressed ARE activity (Nguyen et al., 2000) . MAFK-Nrf2 heterodimers were shown to play a role in negative regulation of ARE-mediated transcription and in antioxidant induction of NQO1 (a downstream gene of Nrf2) and other detoxifying enzyme genes (Dhakshinamoorthy and Jaiswal, 2000) . However, recent experiments have also utilized the growth factor-β induced transcription factors MAFK and BACH1 to suppress expression of the heme oxygen-ase-1 gene (Okita et al., 2013) , indicating that MAFK is also under the strict control of other molecules in regulating disease progression. Interplay between MAFK and other molecules also suggests that MAFK might be widely involved in human disease through a series of regulatory mechanisms.
A recent study reported that MAFs promoted osteoblast differentiation in mice by mediating the age-related switch in mesenchymal cell differentiation (Nishikawa et al., 2010) . One interesting question that arose from this study was whether MAFK could play the role in osteosarcoma as observed in osteoblast differentiation. Thus, our study aimed to investigate the expression profile of MAFK and its role in osteosarcoma. In addition, we sought to examine the possible pathways involved in this process using microarrays.
MATERIAL AND METHODS

Reagents
Wnt1 and MAFK cDNA fragment was generated by PCR. The amplified fragments were digested with HindIII and XhoI (Takara, Dalian, China) and inserted into HindIII and XhoI sites of the pcDNA4 vector (Invitrogen). The expression plasmids were verified by DNA electrophoresis and sequencing. The Wnt signaling pathway inhibitor, IWR-1-endo (Chen et al., 2009) 
Cell line and cell culture
The human osteosarcoma cell line MG63 was purchased from the American Type Culture Collection (Manassas, VA, USA). Cells were cultured in DMEM supplemented with 10% FBS at 37°C in a 5% CO 2 humidity-controlled incubator.
Transient transfection
Transient transfection of plasmids was conducted using Lipofectamine 2000 reagent (Invitrogen Corporation, Carlsbad, CA, USA) according to manufacturer protocol. Briefly, 24 h post-transfection, MG63 cells were washed with phosphate-buffered saline (PBS) and refed with fresh medium. Forty eight hours after transfection, the cells were harvested and transfection efficiency was verified by western blotting.
Quantitative real-time PCR (qRT-PCR)
Total RNA was extracted from MG63 cells using Trizol Reagent (Sigma-Aldrich). For quantification of mRNA levels, total RNA (1 µg) was reverse-transcribed using 200 U SuperScript II Reverse Transcriptase (Invitrogen) and 500 ng Oligo (dT) primers to generate cDNAs. cDNAs were then subjected to qPCR assays using iTaq Fast SYBR Green Su-permix with ROX (Bio-Rad Laboratories; Hercules, CA, USA), 0.2 μM primers (MAFK F: 5ꞌ-GCACACATGGCAGAGAGAGT-3ꞌ, R:5ꞌ-GAGTCCTGCTCACCGTCAAA-3ꞌ; GAPDH F:5ꞌ-CTCTGCTCCTCCTGTTCGAC-3ꞌ, R:5ꞌ-CACCTTCCCCATGGTGTCTC-3ꞌ) with the 7500 Fast Real-Time PCR System (Applied Biosystems, Inc., Foster City, CA, USA). PCR cycling conditions were: 95°C for 29 s, followed by 38 cycles of 95°C for 5 s and 60°C for 34 s. Amplification specificity was evaluated by melting curve analysis. Relative mRNA levels were determined using the formula 2 -ΔCT (CT; cycle threshold) where ΔCT = CT (target gene) -CT (GAPDH). All assays were performed in triplicate.
Western blot analysis
Forty eight hours after transfection, the cells were harvested and solubilized with lysis buffer with complete protein inhibitor cocktail (Roche). Protein concentrations were determined using the BCA Protein kit (Thermo Fisher Scientific). Thirty milligrams protein was size-fractionated using 10% gradient sodium dodecyl sulfate-polyacrylamide gel electrophoresis Ready-Gels (Bio-Rad Laboratories) before electroblotting onto nitrocellulose membranes. Membranes were then blocked with 5% skim milk in 0.1% Tween 20 (Sigma-Aldrich) Tris-buffered saline (TBST). MAFK and GAPDH primary antibodies were diluted (1:1000) in TBST with 5% milk prior to use. Primary antibody incubations were then performed overnight at 4°C after antigen blocking. Thereafter, membranes were washed with TBST and incubated in the corresponding horseradish peroxidase-conjugated secondary antibodies at 37°C for 1 h. The blotted membranes were treated using the SuperSignal West Dura Extended Duration Substrate (Pierce Biotechnology Inc.), and signals were detected using a Las-4000 mini CCD camera (GE Healthcare). GAPDH was used as a loading control.
Immunofluorescence analysis
Cells pretreated with 1, 10, and 100 μM Wnt1 (Sigma-Aldrich, St. Louis, MO, USA) were cultured in Lab-Tec chamber slides (Nalge Nunc, Roskide, Denmark), fixed with 4% paraformaldehyde/PBS, and permeabilized with 0.1% Triton X-100/PBS. Slides were blocked with 3% goat serum in 1% bovine serum albumin/PBS at 37°C for 30 min, incubated with anti-MAFK antibody (1:100) overnight at 4°C, then incubated with Alexa Fluor 594 donkey anti-mouse IgG (1:200) at 37°C for 1h. Signals were visualized using a laser-scanning microscope (Axiovert 100M, LSM 510 system; Carl Zeiss Japan, Tokyo, Japan). MG63 cells pretreated with DMSO were used as the control group.
Gene set enrichment analysis (GSEA)
To investigate the possible pathway that contributed to MAFK-mediated osteosarcoma carcinogenesis, we use GSEA to analyze the microarray data from genechip database (Gene Expression omnibus). The Wnt pathway in pancreatic cancer was used as a negative control. Data from the scanned arrays were extracted by the Genome Studios software (v. 1.6, Illumina, San Diego, CA, USA). Data processing and statistics were performed using Matlab (The Mathworks, Natick, MA, USA), as was multidimensional scaling analysis of the detected probes. For gene analysis, microarray data were analyzed with the filtering criteria of adjusted P < 0.05 and >15% change. To reveal the genes with significantly changed expression, heatmap analysis was used for visualization in Matlab. Pathway analysis was performed using Ingenuity Pathway Analysis (Ingenuity Systems, Redwood City, CA, USA) and the false discovery rate Benjamini Hochberg algorithm P < 0.05 was subsequently used to determine statistical significance.
Cell counting kit-8 (CCK-8) cell proliferation assay
Two days after treatment (DMSO, MAFK, MAFK+IWR-1-edo, MAFK+Wnt-1), MG63 cells were trypsinized and 3 x 10 3 cells were plated on a 96-well plate per well. This time point was set as day 1. Cell viability was determined each day by adding 10 μL CCK-8 (tetrazolium salt) reagent (Dojindo, Kumamoto, Japan) to each well. After incubation at 37°C for 4 h, the absorbance at 450 nm was measured. Absorbance represented cell numbers of each group of cells. A continuous observation over 4 days was conducted.
Fluorescence-activated cell sorting (FACS) assay
After distinct treatments (DMSO, MAFK, MAFK+IWR-1-edo, MAFK+Wnt-1) to MG63 cells for 48 h, cells were harvested and fixed with 70% ethanol at -20°C, followed by incubation with 50 μg/mL propidium iodide (Molecular Probes, Eugene, OR, USA) and 1 μg/ mL RNase A for 30 min at room temperature. DNA contents were then analyzed using a FACS Caliber system (Becton Dickinson, Bedford, MA, USA). The distribution of cells in each cellcycle phase was determined with the ModFitLT Software (Becton Dickinson).
Statistical analysis
Data shown represent at least three independent replicate experiments performed in triplicate and are reported as means ± standard deviation. Statistical significance was determined by the Student t-test with significance set at P ≤ 0.05.
RESULTS
MAFK was expressed at low levels in osteosarcoma
To initially determine the expression profile of MAFK in osteosarcoma, we detected MAFK mRNA in paired non-cancerous bone tissue and osteosarcoma. mRNA levels were normalized to GAPDH expression, which was selected as an internal reference gene. As shown in Figure 1 , normal bone exhibited an average relative value of 9, whereas MAFK expression in the osteosarcoma cell line MG63 only exhibited an average value of approximately 7.5. The mRNA level of MAFK was significantly decreased (P = 0.024) in osteosarcoma as compared with normal tissue.
Role of MAFK in osteosarcoma was found to be closely linked to the Wnt signaling pathway
To decipher the possible pathways that contributed to MAFK modulation, we used GSEA analysis. Interestingly, we found that MAFK was significantly linked to the Wnt signal-ing pathway in osteosarcoma (P = 0.004) (Figure 2A ). As the Wnt signaling pathway is abnormally active in pancreatic cancer, we utilized this pathway in pancreatic cancer as a control. As expected, no significant correlation of MAFK with Wnt signaling was observed in the control group (P = 0.07) ( Figure 2B ). Figure 2C and D also shows that MAFK was significantly correlated with the Wnt signaling pathway in osteosarcoma, as evidenced by a broad spectrum of genes from the Wnt pathway with altered expression levels. As an approach to identify genes and pathways that are involved in disease development, heatmap analysis was conducted. The heatmap analysis showed that multiple genes involved in Wnt signaling were elevated, whereas many other genes were also decreased in osteosarcoma ( Figure 2E ). In all, these data suggested that MAFK is closely related to the Wnt signaling pathway in osteosarcoma. 
Wnt1 induced MAFK expression in MG63 cells
Based on the above observations, we speculated that MAFK is involved in osteosarcoma in the presence of Wnt signaling molecules. In this study, we selected Wnt1 as a representative gene from the Wnt signaling pathway to further uncover the detailed network between MAFK and the Wnt pathway. To examine this question, we initially conducted immunofluorescence analysis. Because MAFK was observed to be expressed at low levels in osteosarcoma, we constructed a MAFK expression plasmid to artificially increase the MAFK level in MG63 cells. MG63 cells were pretreated with 1, 10, and 100 μM Wnt1, and cells treated with DMSO were cultured as controls. Compared to control MG63 cells, we found that 1 μM Wnt1-treated MG63 cells exhibited an increase in MAFK expression. In addition, along with increased Wnt1 concentration, expression of MAFK was accordingly increased ( Figure  3A) . We then determined the mRNA level of MAFK after Wnt1 treatments. Consistently, we found that the mRNA level of MAFK was increased by two-fold in the 1 μM Wnt1-treated group. When Wnt1 was at 100 μM, the mRNA level of MAFK exhibited an approximately 3.5-fold increase ( Figure 3B ). Comparable results were also observed after quantification of western blotting ( Figure 3C ). Taken together, the results suggested that the expression level of MAFK could be induced by Wnt1 in a dose-dependent manner. Results for the Wnt pathway in pancreatic cancer were used as a control. C. D. Multiple genes from the Wnt pathway were shown to be modulated in MAFK-related osteosarcoma samples. E. Heatmap analysis showed that a broad spectrum of genes from the Wnt signaling pathway exhibited increased expression in osteosarcoma as compared with normal tissue, whereas the expression of others was decreased. 
Wnt1-induced MAFK expression promoted cell proliferation in MG63 cells
To functionally investigate the effects of Wnt1-induced MAFK expression on osteosarcoma development, MG63 cells were treated with MAFK alone, or together with Wnt1 expression plasmids (MAFK+Wnt1 group). The Wnt signaling pathway inhibitor, IWR-1-endo, was also used (MAFK+IWR-1-endo group) as described previously (Chen et al., 2009 ). In a cell viability assay, we found that transfection of MAFK alone could significantly increase cell viability from day 4. However, co-transfection of MAFK and Wnt1 plasmids caused a significant increase in cell numbers from day 2, with cell numbers approximately four-fold increased on day 4. IWR-1-endo decreased the highly enhanced cell proliferation induced by co-transfection of MAFK and Wnt1 plasmids ( Figure 4A) . We then performed a FACS assay to evaluate whether cell proliferation was enhanced due to re-distribution of the cell cycle. As shown in Figure 4B , the cell population in the G0/G1 stage was decreased after transfection of the MAFK plasmid; it was further decreased after co-transfection of both MAFK and Wnt1 plasmids. However, the cell population at the G0/G1 stage was increased compared with the MAFK+Wnt1 group after IWR-1-endo was added with MAFK in MG63 cells. The altered cell percentage of the G0/G1 stage caused corresponding G2/M cell population changes in distinct groups. These data suggested that Wnt1-induced MAFK expression is critical for cell proliferation in MG63 cells, and that cell proliferation was enhanced potentially as a consequence of re-distribution of the cell cycle. 
DISCUSSION
Osteosarcoma is the most common malignant bone tumor in children and adolescents (Bielack et al., 2008; Siclari and Qin, 2010) . Many patients experience tumor recurrence following treatment with current osteosarcoma therapy, which consists of chemotherapy and surgery (Zhong et al., 2014) . However, targeted molecular therapy holds promise as a new avenue in human cancer treatments.
In this study, an enhancement effect of MAFK on human osteosarcoma MG63 cell proliferation was investigated. Initially, we observed that MAFK was expressed at low levels in osteosarcoma samples (Figure 1) . However, when MG63 cells were transfected with an MAFK plasmid, cells exhibited significantly increased proliferation ability ( Figure 4A , MAFK panel). The enhanced proliferation was, at least in part, attributed to re-distribution of the cell cycle ( Figure 4B , MAFK panel). In addition, we investigated the possible mechanisms that contribute to MAFK-mediated cell proliferation in MG63 cells. Microarray analysis revealed that the Wnt signaling pathway was significantly linked to MAFK-mediated osteosarcoma development (Figure 2 ). More importantly, Wnt1 could induce expression of MAFK at both the mRNA and protein level (Figure 3 ). Induced expression of MAFK by Wnt1 could increase MAFK-promoted cell proliferation in MG63 cells, whereas the Wnt signaling inhibitor, IWR-1-endo, abolished the effects of Wnt1 on MAFK (Figure 3 ). Taken together, it could be concluded that MAFK might exert an enhancing effect on MG63 cell proliferation, which could be further induced by Wnt1. MAFK-mediated osteosarcoma development might be closely linked to the Wnt signaling pathway.
The Wnt signaling pathway consists of a family of highly conserved proteins that act as signal transducers for downstream genes that are involved in cell proliferation and growth (Hoang, 2012) . Several Wnt ligands, receptors, and coreceptors are highly expressed in osteosarcoma cell lines, while Wnt inhibitors are downregulated (McQueen et al., 2011) . In fact, the role of Wnt in the development of osteosarcoma has been widely reported (Brun et al., 2013; Yang and Zhang, 2013) , and has aroused scientific interests worldwide. Wnt inhibitory factor 1, an endogenous secreted Wnt pathway antagonist, was found to be epigenetically silenced in human osteosarcoma, and targeted disruption was shown to accelerate osteosarcomagenesis in mice (Kansara et al., 2009 ). These reports indicated that Wnt signaling might be potentially involved in osteosarcomagenesis. In our study, we provided evidence that the Wnt signaling pathway was closely linked to MAFK-mediated osteosarcoma development. On the one hand, the findings relating to the Wnt pathway have enriched our knowledge on how MAFK was involved in osteosarcoma proliferation. On the other hand, Wnt1-induced MAFK expression, which resulted in corresponding MG63 cell proliferation, was strongly supportive of the notion that Wnt could exhibit pro-tumor effect in osteosarcoma developments. The Wnt signaling inhibitor, IWR-1-endo, also efficiently inhibited the effects exerted on MG63 cells by Wnt1. Thus, we speculated that use of the Wnt pathway inhibitor might be a novel approach for development of osteosarcoma treatments.
MAFK was previously shown to interact with other transcription factors, especially Nrf2 (Ney et al., 1993; Itoh et al., 1997; Nguyen et al., 2000) . However, interaction with Nrf2 was only observed in MAFK-mediated redox homeostasis (Dhakshinamoorthy and Jaiswal, 2000) . In the development of osteosarcoma, there might be novel mechanisms by which MAFK initiates osteosarcomagenesis. Our study was limited to the role of Wnt1 as an upstream gene that could induce MAFK expression. The downstream regulatory network that contributes to MAFK-mediated osteosarcomagenesis remains to be elucidated. In light of the data shown in Figure 4B , factors that arrest the cell cycle, particularly in the G0/G1 stage, might be possibly targeted by MAFK in MAFK-mediated osteosarcomagenesis. However, more work needs to be done in this area in the future.
In summary, we studied the effect of MAFK on human osteosarcoma MG63 cells and the role of Wnt1 on MAFK-mediated MG63 cell proliferation. We also presented evidence that the Wnt signaling pathway might be closely linked to MAFK-mediated osteosarcoma development by using microarray analysis. Our findings provide evidence that targeted therapy against MAFK or Wnt signaling inhibitors might be promising for the development of human osteosarcoma treatments.
